The heliosheath is the shocked solar wind between the termination shock and the heliopause. Plasma properties are highly variable in this region, with factor-of-two variations of density and thermal speed on timescales from tens of minutes to hours to days. Gaussian distributions fit all the heliosheath plasma data well and are used to quantify these variations. We show that these fits can be used to compensate for data lost due to cutoffs in the instrument response and show that the flow angle in the RT plane is about 50% larger than previous determinations. The turbulent component of the flow has about 25% of the flow energy in the heliosheath, but this energy is not a significant percentage of the upstream solar wind flow energy.
INTRODUCTION
The heliosheath (HSH) is the region of shocked solar wind between the termination shock (TS) and the heliopause. It comprises the majority of the heliosphere by volume. The solar wind is heated and compressed at the TS so that the HSH flow is subsonic and diverts down the heliotail. Sheaths are very turbulent regions, with variations generated in the upstream flow, at the shock, and in the sheath (Shevyrev et al. 2003) . The variations in the plasma parameters observed by Voyager 2 (V2) decrease beginning in late 2008, when V2 had been in the HSH about one year. This decrease may result from V2's increasing distance from the TS; models show that in late 2008 the TS started moving inward in response to a decrease in solar wind pressure (Richardson & Wang 2011) .
The magnetic field in the HSH is highly variable on timescales from 48 s to days (Burlaga et al. 2006; Burlaga & Ness 2009a) . Field fluctuations of factors of two to four are common. The distribution of the magnetic field strength is Gaussian in some regions and log-normal in others at both V1 and V2. At V2, the region near the TS from 2007.7 to 2008 .6 has a log-normal distribution and the region from 2008.6 to 2009.4 has a Gaussian distribution (Burlaga & Ness 2009a) . This paper discusses the variability of the plasma parameters in the HSH. The plasma distributions and their time evolution are presented. These distributions are used to correct for systematic errors in the plasma flow angles caused by cutoffs in the instrument response. The HSH fluctuations are compared with those observed at Jupiter.
THE DATA
The Voyager plasma experiment (PLS) observes ions in the HSH with energy/charge from 10 to 5950 eV q −1 in four modulated-grid Faraday cups (Bridge et al. 1977) . Three of these cups are arranged in a cone whose central angle points toward Earth, roughly into the direction of the HSH flows. The face of each of these three detectors is tilted 20
• from the cone axis. The instrument response is nearly flat for ions entering the cups 1 Also at State Key Laboratory for Space Weather, Chinese Academy of Sciences, Beijing, China.
within 45
• of the cup normal. From 45
• to 60
• the instrument response falls roughly linearly to zero. The time resolution is 192 s in the HSH.
We select times when V2 observes currents in all three Earthward-looking detectors and fit these data with convected isotropic proton Maxwellian distributions to determine the plasma velocity, density, and temperature; these distributions generally provide good fits to the observations. If the uncertainties in the fits are large, in particular if the uncertainty in N > N, the fit is rejected. Peak ion currents are typically 10 −14 -10 −13 A; the lower values are close to the noise level of the instrument. The uncertainties introduced by this noise contribute to 1σ error bars for the fit parameters of about 10% for V R , 30% for N, and 40% for the thermal speed W TH . We derive plasma parameters for about 20,000 spectra, roughly 10% of the available spectra. For the rest of the spectra the above criteria are not met, sometimes because densities or flow angles are beyond the instrument threshold but mostly because of noise. We use the standard RTN coordinate system, where R is radially outward, T is parallel to the solar equator and positive in the direction of solar rotation, and N completes a right-handed system. Figure 1 shows the plasma speed, density, thermal speed, and flow angles from each set of spectra with five-day running averages superposed. The gap in 2010 was caused by a spacecraft malfunction. Daily averages of the HSH data through 2011.2 and a description of these data are published (Richardson & Wang 2011) . A new feature in the most recent data is a 30%-40% increase in the average density starting at about 2011.2. This increase is likely due to solar wind conditions changing as we leave solar minimum. We note that a recent heliosphere model (Washimi et al. 2011 ) predicts a rise in density in a "plasmapause" near the heliopause similar to that observed. However, this model also predicts that the heliopause is 20 AU beyond V2's current location so a solar source for this increase seems more likely. Figure 1 shows that all the plasma parameters have large variations about the mean on timescales down to minutes. The amplitude of these variations can be factors of two to three and are larger near the TS. These fluctuations seem to be real as the underlying spectra are observed to change significantly on timescales of tens of minutes, similar to the timescales for magnetic field fluctuations. Figure 2 shows the distribution of V R in 1 km s −1 bins; the abscissa shows the percentage of points in each bin. We fit the data with a Gaussian distribution of the form
where B is the average speed and W is the width of the distribution. The speed distributions are clearly Gaussian. The speed decreases from an average of 145 km s −1 in 2007 to 106 km s −1 in 2011. The distribution is narrower by about 7 km s −1 in 2011 than in 2007. Figure 3 shows the density histogram in 10 4 cm −3 bins. A Gaussian distribution fits the data well in 2007 but in subsequent years a tail is present at higher densities. Models show that shocks driven by merged interaction regions (MIRs) can drive density pulses through the HSH (Zank & Mueller 2003; Washimi et al. 2011) ; these pulses could be the cause of the high-density tail of the distribution. At lower densities a Gaussian distribution fits the data reasonably well, suggesting that the cutoff in density due to the instrument response is not important. The density decreases with time and the width of the distribution becomes smaller with time. Figure 4 shows the distribution of the thermal speeds in 1 km s −1 increments. These distributions are well fitted by Gaussians every year but 2008, when a larger than Gaussian tail at high thermal speeds and a cutoff at low thermal speeds were observed. The thermal speed decreases with time as does the width of the distribution. Figure 5 shows the distribution of plasma flow angles in the RT plane in 1
• bins with zero corresponding to radial flow. The fit to a Gaussian is quite good in 2007 when the average angle was 16
• . However, as time progresses and the average angle increases a cutoff is observed in the data starting between 45
• Figure 3 . Histogram of the distribution of density in the HSH plotted in 10 4 cm −3 bins by year. Superposed are Gaussian fits to these data. (A color version of this figure is available in the online journal.) and 50
• . This effect is moderate in 2008 but increases with time. This cutoff is probably due to the instrument response, which decreases when the angle between the flow and the cup normal is over 45
• and goes to zero when this angle is over 60
• . This cutoff means that large angle flows are not observed in all three detectors so that the plasma analysis is not performed. The exact cutoff angle depends on the plasma density and thermal speed. The Gaussian fits to the RT angle distributions use only data with RT angles less than 50
• , so they are not affected by this cutoff. Figure 6 shows the RN angle histogram and Gaussian fits. The RN angles are smaller than the RT angles throughout the 
DISCUSSION
The Voyager spacecraft are providing the first in situ data from the HSH and it is likely that many years will pass before future spacecraft follow their lead. Since the V1 plasma instrument is not working, we rely on V2 for high-resolution plasma parameters. One obstacle to making these observations is the instrument limitations. Densities below about 0.0004 cm −3 are difficult to measure. The detector response to flow angles greater than 45
• to the cup normals is reduced and goes to zero for flow angles greater than 60
• . Since the detectors are tilted 20
• to the radial direction, some signal will be observed in at least one detector for flow angles up to 80
• from the radial direction, but full vector plasma velocities cannot be determined for angles above 50
• from the radial direction. When currents are not observed in all three detectors, it is more difficult to differentiate signal from noise.
We note above that Figure 3 implies that low densities are not yet a limiting measurement factor since we observe most of the Gaussian distribution of the densities. Solar minimum is expected to have the lowest densities at the V2 heliolatitude of −29
• (since at solar minimum the admixture of lowdensity, high-speed stream material is largest). Solar minimum conditions reached V2 in early 2011, so the plasma densities are expected to increase. That increase may have started at 2011.2 as shown in Figure 1 . Figure 5 shows that the RT angle distributions are affected by the instrumental cutoff, in that flow angles are too large for the plasma to be observed in all three cups in a significant fraction of the spectra. The flow angles are expected to continue to increase as the plasma continues to divert tailward. The high variability of the HSH flows helps with this problem. All the plasma parameters have reasonably Gaussian distributions. The width of these distributions is fairly large due to the highly variable nature of the HSH. For the Gaussian fits to the RT angle the widths of the distribution are 13, 19, 22, 22, and 23 km s . By assuming that the widths are constant one can constrain the Gaussian fit parameters for the average angle and thus determine the flow velocity even when a substantial portion of the distribution is lost because of the instrument response.
We use these distributions to correct the RT angle for the instrument cutoff. The RT angles derived by averaging all the angles in each year from 2007 to 2011 are 15
• , 19
• , 30
• , 31
• , and 33
• . The average RT angles derived from the Gaussian fits are 14
• , 21
• , 37
• , 46
• , and 46
• . The instrument cutoff clearly affects the average RT angle derived from the data after 2008; the 2010 and 2011 flow angles derived from the fits are about 46
• , which is 13 • higher than the flow angle derived by simply averaging the data. For comparison, the RN angles derived by averaging all the angles in each year are −9
• , −6
• , −15
• , −19
• and −23
• , which are comparable to the fit results of −11
• , −7
• , −17
• , −20
• , and −25
• . This result shows that the RN angles observed to through mid-2011 are only slightly biased by the instrumental response.
That the RT angle is larger than the RN angle has been a puzzle. One hypothesis is that the shock is blunter in the RT than RN planes in Voyager's direction, causing a larger flow rotation in the RT plane at the shock (Richardson et al. 2009 ). However, models have found that the radius of curvature is slightly smaller in the RT than in the RN planes (Borovikov et al. 2011 ). Another possibility is that the plasma is being compressed and moving along the magnetic field; the magnetic pressure is increasing across the HSH (Burlaga et al. 2009b) if changes at the Sun are accounted for. The three-dimensional MHD model of Borovikov et al. (2011) predicts matched the RN and RT angles from previous data analyses fairly well; however, the increased values of the RT angle reported here are not consistent with these model results.
For comparison, we performed similar Gaussian fits to the Jovian dayside magnetosheath plasma data. The parameters that are most analogous between the HSH and magnetosheath are V T and V N . V R (and thus the flow angles) are driven by changes in the magnetosheath boundary locations, which are large and rapid when scaled to those of the HSH. A large fraction, 30%-50%, of the ions in Jupiter's magnetosheath are reflected thermal ions (Richardson 2002) . In the HSH, the plasma pressure is dominated by pickup ions. These pickup ions are reflected at the TS and gain most of the energy dissipated at the TS (Zank et al. 1996; Richardson et al. 2008 ). Thus, density and thermal speed distributions at Jupiter and in the HSH cannot be directly compared. For the HSH, the width of the V T and V N distributions are 47 and 48 km s −1 , respectively. For the Jovian magnetosheath, the distributions were narrower, 21 km s −1 for V T and 30 km s −1 for V N . Thus, velocity disturbances created at the TS and/or in the HSH are greater than those in the smaller Jovian magnetosheath, perhaps due to generation of vortexes at the TS (Washimi et al. 2011) .
The fluctuations in speed are superposed on the average flow. Thus, an energy budget for the heliosphere needs to include this turbulent component of the flow. Only about 15% of the flow energy of the solar wind went into heating the thermal plasma at the TS and about 5% went to the observed higher-energy ions. The average of the turbulent speeds using the width of V R from Figure 2 and of V T and V N from the preceding paragraph is about 70 km s −1 , compared with the average speed of 144 km s −1 for all HSH data. Thus, about 24% of the flow energy in the HSH is in the turbulent flow component, or <5% of the flow energy in the upstream solar wind. Most of the upstream flow energy likely goes into heating the pickup ions (Zank et al. 1996; Richardson et al. 2008 ).
SUMMARY
We describe the distributions of plasma parameters in the HSH. These distributions are generally well fitted by Gaussians. Recent data show an increase in density, perhaps related to the ascending phase of the solar cycle. The variability of N, T, and V R (as determined from the width of the distributions) decrease as V2 moves deeper in the HSH. The distributions of V T show that the limited angular field of view of the instrument results in a cutoff of the RT angles above 50
• . Fitting the distribution to a Gaussian shows that the average RT angle is 46
• in 2010 and 2011, 13
• -15
• larger than previous values, so that the flow angles in the RT plane are almost twice those in the RN plane. Although the turbulent flows are large compared with other plasmas, they comprise only a small amount of the upstream solar wind flow energy.
